This region of homology is located at the NH* terminus of nsP3 in the alphavirus genome.
The RUB nonstructural protein ORF contains two global amino acid motifs conserved in a large number of positive-polarity RNA viruses, a motif indicative of helicase activity and a motif indicative of replicase activity. The order of the helicase motif and the nsP3 homology region in the RUB genome is reversed with respect to the alphavirus genome indicating that a genetic rearrangement has occurred during the evolution of these viruses.
INTRODUCTION
Rubella virus (RUB) is a single-stranded, positive-polarity RNA virus classified in the Togavirus family as the only member of the genus Rubivirus (Matthews, 1982) . In the rubella virion, the RNA genome is enclosed in an icosahedral nucleocapsid composed of multiple copies of a single protein, the capsid or C protein (M, = 34 kDa) (Ho-Terry and Cohen, 1982; Waxham and Wolinsky, 1983; Oker-Blom et a/., 1983) . The nucleocapsid is surrounded by a lipid bilayer envelope in which the two virus-specific glycoproteins, El and E2 (Mr's = 58 kDa and 42-47 kDa, respectively) are embedded. In infected cells, in addition to the genomic RNA, a subgenomic RNA is synthesized (Oker-Blom et a/., 1984) which consists of the 3'-terminal 3327 nucleotides of the genomic RNA (Frey et al., 1989) . The subgenomic RNA contains a single long open reading frame (ORF) which is translated into a 1 lo-kDa polyprotein and is post-translationally processed into the structural proteins. The order of the structural proteins within the 1 1 0-kDa precursor is NH,-C-E2-El -COOH (Oker-Blom, 1984) . Both positive-polarity RNA species are transcribed from a genome-length, negative-polarity Sequence data reported in this article have been submitted to Gen-Bank and assigned the accession number M32735. ' To whom requests for reprints should be addressed.
RNA template (Hemphill et al., 1988) . In these aspects of virion structure and replication strategy, RUB is similar to the alphaviruses which have been extensively characterized (Strauss and Strauss, 1986) . The sequence of the 3'-terminal 4500 nucleotides of the RUB genome which contains the structural protein ORF has been reported (Frey et a/., 1986; Clarke et al., 1987; Vidgren et al., 1987; Takkinen et al., 1988; Frey and Marr, 1988) . No significant homology exists between the structural protein coding regions of RUB and the alphaviruses, indicating that these viruses are only distantly related.
In the alphavirus genome, a single ORF of approximately 7.4 kb spans the 5' two-thirds of the genomic RNA. The polyprotein translated from this ORF is posttranslationally processed into four nonstructural proteins, nsP1, nsP2, nsP3, and nsP4 (Strauss and Strauss, 1986) . In Sindbis virus (SIN), Ross River virus, and Middelburg virus, there is an in-frame opal termination codon between the nonstructural proteins nsP3 and nsP4 which is occasionally read through (Strauss et a/., 1983) . However, Semliki Forest virus and O'Nyong-nyong virus lack this opal codon (Strauss et a /., 1988) . Some of the functions associated with these proteins have been determined. Temperature-sensitive (ts-) RNA-mutants have been mapped to nsP1, nsP2, 226 DOMINGUEZ.
WANG, AND FREY and nsP4 and from the nature of the phenotypes of these ts-mutants it seems likely that nsP4 is the RNA polymerase, nsP1 functions in minus-polarity RNA synthesis, and nsP2 functions in subgenomic RNA synthesis (Hahn et al., 1989a,b) . Mutations in the methyltransferase activity required for capping of the 5'terminus of the genomic and subgenomic RNAs have also been mapped to nsP1 (Mi et al., 1989) . nsP2 has been shown to contain the autoprotease required for posttranslational processing of the nonstructural polyprotein (Ding and Schlesinger, 1989; Hardy and Strauss, 1989) .
In contrast, the nonstructural proteins of RUB have not been characterized.
RUB does not shut off host cell macromolecular synthesis, making the small quantities of both structural and nonstructural proteins synthesized very difficult to detect over the host ceil background (Hemphill et a/., 1988) .
In this paper we present the entire sequence of the RUB genome. The RUB genomic RNA is 9757 nucleotides in length and has a high G/C content (69.5%: 38.7%C, 30.8YoG). In addition to the structural protein ORF at the 3' end of the genomic RNA, a second long ORF is present from nucleotides 41 to 6656 which putatively codes for the nonstructural proteins. Comparison of the 5'-proximal ORFs of RUB and alphaviruses revealed only one short region (122 amino acids) of significant homology. Two global motifs indicative of replicase and helicase function were also found in the RUB 5' proximal ORF. The relative positioning within the 5'proximal ORFs of RUB and alphaviruses of the short region of homology and the two global amino acid motifs suggests that a rearrangement in this region of the genome has occurred in the evolution of these viruses.
MATERIALS
AND METHODS
Ceils and virus
Vero cells obtained from the American Type Culture Collection were maintained at 35" under 4% CO, in Eagle Minimal Essential Medium containing Earle's salts and supplemented with 10% tryptose phosphate and 5% fetal bovine serum. Plaque-purified RUB stocks (Therien strain) prepared as described previously (Hemphill et a/., 1988) were used in this study.
RNA isolation
Virion RNA was isolated by phenol-chloroform extraction of virions purified as described by Waxham and Wolinsky (1983) . Intracellular RNA was extracted from infected Vero cells (m.o.i. = 0.1) 72 hr postinfection as previously described (Frey et al., 1986) . The extracted RNA was chromatographed over oligo(dT) cellulose. , 1986; Frey and Marr, 1988) .
After ethanol precipitation, the poly(A)+ fraction was dissolved in 90% DMSO and heated at 55" for 5 min to denature double-stranded RNA replicative forms and intermediates
[which bind to oligo(dT) cellulose]. The DMSO-denatured RNA was ethanol precipitated twice and dissolved in 0.01 IVITris (pH 8.0) 0.001 IVI EDTA.
Derivation and sequencing of cDNA clones
Virion RNA was used as the template for first-strand cDNA synthesis primed with random deoxyhexamers (Pharmacia) as described by Rice et a/. (1985) . Secondstrand DNA synthesis, deoxycytidine (dC) tailing of the double-stranded cDNA with terminal transferase, annealing of dC-tailed cDNA with dG-tailed pUC 9, and transformations were done as previously described (Frey eta/., 1986) with the following modifications:
double-stranded cDNA was chromatographed on a Sepharose CL-4B column (Pharmacia) to eliminate cDNAs less than 700 nucleotides in length (Eschenfeldt and Berger, 1987) and transformation was done using competent DH5-cx cells (Bethesda Research Labs).
Colonies with cDNA clones containing sequences overlapping the previously determined RUB sequence [the 3'-terminal 4508 nucleotides of the genome (Frey and Marr, 1988)] were identified by colony blot hybridization using as probes 3zP-labeled restriction fragments and oligonucleotides from the 5' end of this sequence. This set of cDNA clones was restriction mapped and a restriction fragment from the 5' end of this set of clones was used as a probe to isolate new overlapping clones. In this manner 18 clones were identified and mapped which covered the region between 4500 nucleotides from the 3'end of the genome and the 5' end of the genome.
Sequencing strategy
The cDNA inserts from eight clones (shown in Fig. 1 ) were subcloned into M 13 for sequencing. Subcloning by use of convenient restriction sites, shotgun cloning of sonicated DNA (Bankier and Barrell, 1983 ) and exonuclease III digestion to produce directional deletions (Henikoff, 1984) were all employed. Several gaps which remained were sequenced using synthetic oligonucleotide primers on the appropriate templates. Oligonucleotides were synthesized using an Applied Biosysterns Model 381A DNA Synthesizer.
All sequencing was done by dideoxy sequencing (Sanger et a/., 1977) using the procedure recommended by Sequenase Version 2.0 kit (USBiochemicals) with [35S]dATP label and 7-deaza-dGTP in place of dGTP.
Primer extension and dideoxy sequencing from an RNA template were both performed on poly(A)+ RNA from RUB-infected cells using as a primer a 5'-3'P-labeled oligonucleotide with the sequence dTGGTCTCT-TACCCAACT, which is complementary to nucleotides 101 to 117 of the genomic RNA. The primer extension reaction was done as previously described (Frey et a/., 1989), while RNA sequencing was done by dideoxy sequencing modified for an RNA template (Rico-Hesse et al., 1987; Zimmern and Kaesberg, 1978) .
Computer analysis
The analysis of the sequence was performed on the Centers for Disease Control VAX using the University of Wisconsin GCG package (Devereux et al., i 984).
RESULTS AND DISCUSSION

Sequencing strategy
The complete sequence of the RUB genomic RNA is given in Fig. 2 . The regions of the RUB genome covered by each of the eight cDNA clones used in sequence determination of the 5'half of this sequence are shown in Fig. 1 , All sequences were determined in both directions and from at least two cDNA clones. Primer extension using poly(A)+ RNA from RUB-infected cells and an oligonucleotide primer complementary to the sequence near the 5' end of the already determined cDNA sequence indicated that the cDNA sequence extended to within 20 nucleotides of the 5'end of the genome. Therefore, the same oligo was used to prime dideoxy sequencing from poly(A)+ RNA from RUB-infected cells. Dark bands were present in all four lanes of the top two steps of this sequencing ladder, a common occurrence encountered in sequencing and primer extension using capped RNAs as templates due to termination of reverse transcription at the penultimate and ultimate nucleotides and possible copying of the cap (Gupta and Kingsbury, 1984; Ahlquist and Janda, 1984) . Thus the 5'Yerminal nucleotides are reported as N-N in Fig. 2 . The cDNA sequence was found to terminate 12 nucleotides from the 5' end of the RUB genomic RNA. To reconcile the absence of two nucleotides at the exact 3' terminus of the RUB RNA in cDNA clones used to determine the sequence in the earlier report (Frey et a/., 1986) but present in other RUB sequence reports (Clarke et al., 1987; Vidgren et a/., 1987) additional 3'-cDNA clones were derived and found to contain these additional two nucleotides, The length of the RUB genomic RNA was 9757 nucleotides [excluding the poly(A) tail] which is in good agreement with size estimates of 9800 to 10,000 nucleotides determined by gel electrophoresis (Oker-Blom eta/., 1984; Hemphill et al., 1988) .
ORF analysis of the RUB sequence
An analysis of coding potential of the RUB genome, shown in Fig. 3 , reveals two long ORFs in the positive orientation. The predicted amino acid sequence encoded by these ORFs is given below the nucleotide sequence in Fig. 2 . The 3'-most ORF beginning at nucleotide 6507 and ending at nucleotide 9696 (3 189 nucleotides in length encoding a polypeptide of 1063 amino acids) codes for the structural proteins as discussed elsewhere (Frey et al., 1986; Frey and Marr, 1988) . The 5'-most ORF begins at nucleotide 41 and terminates at position 6656 with an opal codon (UGA) which is followed 12 nucleotides downstream by a second inframe opal codon. This ORF is 6615 nucleotides in length and encodes a 2205-amino acid polypeptide. These two ORFs overlap by 149 nucleotides. The 3'terminal 1407 nucleotides of the 5' ORF was reported earlier (Frey and Marr, 1988) . The organization of the RUB genome is thus similar to that of the alphavirus genome. Therefore, the 5'-proximal ORF of the RUB genome will be referred to as the nonstructural protein ORF. In terms of favorability of context of neighboring nucleotides as compiled by Kozak (1987) the AUG initiating the nonstructural protein ORF (CCAUGG) has the preferred nucleotides at positions -2, -1, and +4, but lacks the A at position -3.
Interestingly, there is an AUG beginning at nucleotide 3 of the RUB genomic RNA. Translation initiated at this AUG would terminate at a UAG codon beginning at nucleotide 54, yielding a 16.amino acid product. It is not known if translation of this short ORF occurs. In eukaryotic mRNAs, most AUGs at which translation is initiated are 20 to 100 nucleotides from the 5' end of the mRNA (Kozak, 1987) ; however, AUGs as close to the 5' end as nucleotide 4 at which initiation of translation occurs have been reported (Kelley et al., 1982) . Initiation of translation at AUGs less than 15 nucleotides from the 5' end of eukaryotic mRNAs is less efficient than at AUGs greater than 15 nucleotides from the 5' has the highest G/C content (69.5%) of any RNA virus sequenced. A search of other RNA virus sequences in the GenBank library revealed that G/C content among these sequences ranges between 35 and 530/o, the Semliki Forest virus genome having the highest G/C content of the virus sequences analyzed. RUB is not the only virus with a G/C content greater than 60%; for example herpes simplex type 1 has a G/C content of 67% and herpes simplex type 2 has a G/C content of 699/o (Roizman and Batterson, 1986) . The high G/C content is evenly maintained throughout the RUB genome. The only regions where it differs markedly from the 69.5% average are the first 65 nucleotides of the genome, which have a G/C content of 49%, and 78 nucleotides around the subgenomic RNA start site, which have a G/C content of 47%. The lower G/C content in these regions would result in corresponding regions of the double-stranded replicative form having a lower T,, possibly facilitating recognition and local denaturation by factors involved in initiation and synthesis of the genomic and subgenomic RNA. Codon usage in the RUB nonstructural protein ORF was similar to codon usage in the structural protein ORF which was reported earlier (Frey and Marr, 1988) . As expected from the high G/C content of the RUB RNA, codon usage in the RUB ORFs was skewed in comparison with eukar-yotic mRNAs of lower G/C content. Two selections were particularly apparent. First, there was an extreme selection for G and C residues at the third position, resulting in a third codon position G/ C content of 80.9% in the RUB ORFs in comparison to a third codon position G/C content of 54.8% in the SIN ORFs (Strauss and Strauss, 1986) and 60.8% in a compilation of human genes (Maruyama et a/., 1986) . Second, among isofunctional amino acids encoded in the RUB ORFs, those with G/C-rich codons were favored. For example in the RUB ORFs 87% of the basic residues are arginine (codons are CGN, AGA, and AGG) and only 139/o are lysine (codons are AAA and AAG), while in both the SIN ORFs and human genes 45% of the basic residues are arginine and 55% are lysine. A similar selection for valine (GUN) over isoleucine (AUC, AUA and AUU) was also present in the RUB ORFs. In contrast, for isofunctional amino acids for which no difference in G/C content is present, no selection occurs in the RUB ORFs; of the acidic residues, 50% are glutamic acid residues (GAA and GAG) and 50% are aspartic acid residues (GAC and GAU).
Comparison with alphaviruses: Amino acid homologies and global motifs
Homology comparisons generated between the predicted amino acid sequence of the RUB nonstructural protein ORF and the nonstructural protein ORFs of the six alphaviruses thus far sequenced revealed only one short region of homology. 'An alignment of the region of homology between RUB and a consensus sequence derived from the six alphavirus sequences (J. Strauss, personal communication)
is shown in Fig. 4A . This region of homology is at the NH2 terminus of alphavirus nsP3, a location of interest since alphavirus nsP3 is the only nonstructural protein for which homology has not been found with plant viruses (Ahlquist eta/., 1985) and to which no putative function has been assigned.
Two amino acid motifs have been described which are found in the proteins of diverse positive-polarity RNA viruses. The first, centered on a GDD tripeptide, has been found in all positive-polarity RNA viruses analyzed and has been associated with replicase activity due to the fact that several of the proteins in which it occurs have been demonstrated to be replicases (Kamer and Argos, 1984) . More recently, a second motif has been found in proteins of alphavirus, flavivirus, coronavirus, herpesvirus, and several plant viruses that has been associated with helicase activity due to its presence in four bacterial helicases (Gorbalenya et a/., 1988) . Both motifs were found in the RUB predicted III1  I  I  II  I  II  II  II  III  I  I   THIIHAVAPRRPROPAALEEGEALLERAYRSIVALAAARRUAC IIII  I  II  I  II  I I I   RUB  1871  AIEVDFTEFDMN-PTLATR(  33  aa) (8) The CON sequence is a motif found in four fscherichia co/i helicases and proteins in herpesviruses and nine families of plant and animal positive-polarity RNA virus families. Presentation is as in Gorbalenya e? al. (1988) . (C)The CON sequence is a motif found in putative replicases of 1 1 plant and animal positive-polarity RNA viruses (Kamer and Argos, 1984) . Presentation adapted from a compilation by Rice et al. (1986) . In panels B and C, invariant amino acids are capitalized, majority amino acids are given in lowercase, and lengths of gaps in amino acids between regions of conservation are given in parentheses. In all three panels, . = nonconserved amino acid, -= gap introduced to maximize alignment, * and o = hydrophobic and hydrophilic amino acids, respectively, at a position. The number of the amino acid in the RUB nonstructural ORF at which each alignment begins is given. nonstructural protein sequence. The alignments are both shown in Figs. 4B and C. The alignment with the replicase motif was previously reported (Frey and Marr, 1988) .
Comparison
with alphavirus genome: conserved nucleotide stretches
Four regions in the genomic RNAs of alphaviruses have been found to be highly conserved among alphaviruses and thus are thought to be regulatory signals for viral replication (Strauss and Strauss, 1986 ). The first of these is a stem-and-loop structure found at the 5' end which is conserved despite divergence of the nucleotides making up the structures. The complementary minus-strand equivalent of this structure is hy-pothesized to be recognized by the replicase as a binding site for initiation of transcription of the plus-strand genome-length RNA. The RUB genomic RNA has a similar structure (RV-2) at its 5' end which has a calculated stability similarto that of the alphavirus structures (Fig. 5 ). Although this structure was originally found by eye, it was also found by the RNA secondary structure analysis program FOLD (Zuker and Stiegler, 1981) . Interestingly, a second double-stem-loop structure (RV-1) can be formed by the same sequences.
This structure has a lower AG, but would be formed first as the newly synthesized genomic RNA is released from the negative-polarity template. Whether this stability is great enough to prevent the more stable stem-andloop structure from forming under physiological condi-DOMINGUEZ, WANG, AND FREY tions is unknown.
Primer extension experiments indicated that the more stable stem-and-loop structure (RV-2) could be formed when denatured RUB genome RNA was renatured in vitro. Poly(A)+ RNA from RUBinfected cells was mixed with a 5'-32P-labeled oligonucleotide primer with sequence complementary to nucleotides 101 to 117 of the RUB genome, heated to 85", cooled slowly, and added to a reverse transcription reaction mixture. Electrophoresis of the primer extension products revealed strong stop bands at both the beginning of the RV-2 stem-and-loop structure and the 5' end of the genome (data not shown).
The second conserved region in the genomic RNAs of alphaviruses is a stretch of 51 nucleotides located 156 nucleotides from the 5' end. A double stem-andloop secondary structure can be formed by these nucleotides. A stretch of 46 nucleotides located 224 nucleotides from the 5' end of the RUB genome has 50% overall homology with the alphavirus sequence, includ-ing two stretches in which nine of ten nucleotides match (Fig. 6A ). No stable secondary structure can be configured from this stretch of RUB nucleotides. Interestingly, the RUB and alphavirus sequences in this region are in-frame translationally yielding a small pocket of amino acid homology. The function of this region of the alphavirus genome is not clear. It is present in naturally occurring DI RNAs (and is sometimes duplicated) but can be deleted from infectious DI clones, although the ability of RNAs transcribed from such clones to be replicated is less than that of RNAs transcribed from clones containing the sequence (Levis eta/., 1986; Tsiang eta/., 1988) . Conservation of this sequence at similar locations in the genomes of viruses as diverse as RUB and alphaviruses argues that it does play an important role in the replication of these viruses. The lack of a predicted secondary structure for the RUB version of this nucleotide sequence indicates that the double hairpin structure is not necessary for function . It seems  I III  III  I I  II  II  I  I I I  II  III  I  I I   RUG  221  G CAG  GUC  AGU  ------GAU  CAC  CCA  GCA  CUC  CAC  GCA  AUU  UCG  CGG  UAU IIIII  II  III  I  II  III  I   RUE  6384  CUA  ACG  CCC  CUG  UAC  GUG  GGG  CCU ""A AUC unlikely that maintenance of the amino acid sequence is the selective pressure maintaining the nucleotide sequence since several of the conserved nucleotides occur at the third codon position.
Shown in Fig. 6B is the third stretch of nucleotides highly conserved among alphaviruses located at the start site of subgenomic RNA synthesis. This region has been aligned with a homologous sequence in the RUB genome (Frey and Marr, 1988) . This sequence, which occurs immediately adjacent to the subgenomic start site in alphaviruses, has been shown experimentally to be necessary for alphavirus subgenomic RNA synthesis (Grakoui et al., 1989) . The homologous sequence in the RUB genome is 20 nucleotides upstream from the RUB subgenomic RNA start site (Frey et al., 1989) . This RUB sequence can form a secondary structure while the comparable alphavirus sequence cannot. Interestingly, these sequences are also in the same translation frame, giving rise to another small pocket of amino acid homology. Whether selective pressure on conservation of this sequence is due to its function in subgenomic RNA synthesis or its coding capacity can be investigated by deletion mutagenesis once an infectious RUB clone is developed. As discussed earlier (Frey et a/., 1986) no region in the RUB genome has been found to be homologous with the fourth alphavirus conserved region, the 3'-terminal 19 nucleotides.
Similarities and differences
in the genomes of RUB and alphaviruses: evidence for rearrangement during Togavirus evolution Figure 7 shows a comparative diagram of the genomes of RUB and alphaviruses (represented by the prototype SIN), including the locations of the various regions of nucleotide and amino acid homology discussed previously. While the genetic organizations of these two virus genera are similar, two points of difference are of interest. First, the RUB genome (9757 nucleotides) is 1946 nucleotides shorter than the SIN genome (1 1,703 nucleotides).
The compression of the RUB genome with respect to the SIN genome is exhibited throughout the RUB genome in that both the nonstructural protein ORF (2205 amino acids in RUB; 2513 amino acids in SIN) and the structural protein ORF (1063 amino acids in RUB; 1245 amino acids in SIN), as well as the 3' nontranslated sequence (62 nucleotides in RUB; 319 nucleotides in SIN), are shorter in the RUB genome than in the SIN genome. In the RUB genome the two ORFs overlap by 149 nucleotides while in the alphavirus genome the two ORFs do not overlap. The difference in the structural protein ORFs is due to the lack of a 6K protein encoded by SIN and differences in the size of the other structural proteins. In this regard, it should be pointed out that processing of the structural proteins of these viruses differs in that the two proteolytic cleavages in the RUB structural protein precursor are putatively mediated by signalase in the lumen of the endoplasmic reticulum (Frey and Marr, 1988) while the SIN capsid protein is autocatalytically removed from the precursor and cleavages on either side of the 6K protein are mediated by signalase (Strauss and Strauss, 1986) . These cleavages leave a precursor (PE2) which is processed into E2 and E3 in the Golgi. No such cleavage occurs in the maturation I  I  I  I  I  I  I  I  I  I  I   nsP1 of RUB E2. Not enough is known about the RUB nonstructural protein ORF to account for the size difference with the SIN nonstructural protein ORF. The second point of difference in the two genomes is that while most of the regions of homology are in the same relative position within the two genomes, the order of the helicase domain and nsP3 homology region is reversed. Thus a genetic rearrangement has occurred in the nonstructural protein coding region during Togavirus evolution.
From analysis of amino acid homologies among positive-polarity RNA viruses of animals and plants, it has become apparent that diverse viruses are distantly related and that two super-families exist to which many positive-polarity RNA viruses belong: a picorna viruslike superfamily and an alpha virus-like superfamily (Goldbach, 1986 (Goldbach, , 1987 (Goldbach, , 1990 . RUB belongs to the latter of these. Among members of the alphavirus-like superfamily, some domains such as the helicase and replicase motifs are conserved among all members, while other domains such as the plant virus transport proteins are restricted to a few members. The relative location of the conserved domains thus far distinguished has been found to be similar in the genomes of the viruses in which they occur (with the caveat that some of these domains occur on different segments of diand tripartite plant virus genera). Thus, the reversed order of the helicase and nsP3 domains in RUB and alphavirus genomes is unique. Two events which could create the reversed order of the helicase and nsP3 domains in RUB can be hypothesized.
First, a compli-cated rearrangement could have occurred within the same genome during either RUB or alphavirus evolution from a common progenitor. Second, the nsP3 domain could have been donated by another virus to a common Togavirus ancestor by inter-viral recombination occurring twice independently: to the 3'side of the helicase domain in the alphavirus lineage and to the 5' side of the helicase domain in the rubivirus lineage. As more functional domains of the nonstructural proteins of these viruses are characterized, more information about the interesting evolution of these genera will be elucidated. J. E., KALKKINEN, N., WERN-STEDT, C., and PETTERSSON, R. F. (1988) .
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